This work details a preliminary analytical and experimental investigation of a new class of resonant, single input -single output (SISO) microsensors, which are capable of detecting multiple analytes. The key feature of these sensors is that they exploit vibration localization in a set of N microbeams, coupled indirectly through a common shuttle mass, to allow for the detection of N distinct resonance shifts (induced by the presence of up to N distinct analytes) using solely the shuttle mass' response. The work includes a brief overview of the proposed sensor design, the formulation and subsequent analysis of a representative lumpedmass model of the sensor, and details of a recently-completed simulated mass detection experiment, which verified the feasibility of the proposed sensor design. Where appropriate, practical design issues, essential to sensor development, are described.
INTRODUCTION
Chemical, biological, and mass sensors based on resonant microsystems have been proposed for use in a wide variety of applications ranging from environmental monitoring to medical analyte or group of analytes, to a common shuttle mass, which is used for both sensing and actuation (see Fig. 1 ). The principal benefit of this approach is that, given vibration localization in the set of mistuned oscillators, the shuttle mass itself can be used to track resonance shifts in the individual microbeams [18] . Accordingly, a single, SISO device proves sufficient for the detection of multiple analytes.
This work details a joint analytical and experimental investigation of the innovative sensor design described above. In particular, the work begins with a brief overview of the sensor's topology and the systematic formulation of a representative lumpedmass model amenable to analysis. Following this, pertinent features of a desirable form of the sensor's frequency response are discussed and experimental results, obtained from a simulated mass detection event, are detailed. The work concludes with a brief look at the sensor's performance metrics and an outline of future work. It should be noted that, where appropriate, practical design issues essential to sensor development are described.
SYSTEM MODELING
Though a number of topologically equivalent geometries can be (and have been) developed based on the sensing principles discussed herein, the translational design depicted in Fig. 1 was selected as the principal focus of this work. This relatively simple sensor geometry consists of a shuttle mass (SM) that is suspended above the substrate by four folded beam flexures (S) and driven by interdigitated electrostatic comb drives (CD). Attached to this shuttle are four microbeam oscillators (M) each with slight frequency mistuning, as realized through small length variations, to ensure ample separation of the coupled system's natural frequencies -a necessary precursor for localization, as subsequently described.
The relevant response characteristics of the device shown in Fig. 1 can be described through the use of the simple linear lumped-mass model shown in Fig. 2 . Here the N microbeam oscillators are represented by the smaller masses, m 1 , m 2 , etc., and the comparatively larger shuttle mass is represented by M. It is important to note that while topologies such as that shown in Fig. 2 are believed to be novel in the sensors community, they have garnered attention in other contexts, namely noise control and vibration suppression [19] [20] [21] . Unfortunately, given the stark contrast between these applications and that considered here, as well as the requisite form of each of the systems' frequency responses, the results of the previous works are not directly applicable to the present study.
The equations of motion governing the system depicted in Fig. 2 are given by
where z i is the relative displacement of the ith subsystem, given by
c b , c i and c bi represent linear damping coefficients arising from intrinsic and extrinsic dissipation, and F(t) represents the electrostatic force produced by the interdigitated comb drives [18] .
Assuming ample device thickness (approximately 10 µm or larger) and a harmonic voltage excitation of the form
the electrostatic force, F(t), can be approximated by
where ε 0 represents the free space permittivity, n the number of comb fingers on the electrostatic comb drive, g the gap between adjacent comb fingers, and h the device thickness. Nondimensionalizing the resulting equations of motion and redefining the dynamic variables x and z by translation according tô
to eliminate the explicit DC forcing term (which is dependent on V A ) results in a new set of governing equations given by
with system parameters defined as in Tab. 1. For the sake of analysis, these equations can be compiled into a standard matrix form given by
where X represents the compiled state vector, M the effective mass matrix (which incorporates inertial coupling terms), C the effective damping matrix (which incorporates dissipative coupling terms), K the effective stiffness matrix, and Φ(τ) the effective forcing vector, which is sparse except for the first element. From this matrix equation, the system's response can be easily determined through a variety of standard techniques, including that utilized for the present work -the impedance approach detailed in [22] . Parameter Description
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FREQUENCY RESPONSE CHARACTERISTICS
Because of the large number of parameters (4N + 4) present in Eq. 9, a number of qualitatively distinct frequency responses can be realized using the sensor topology detailed in Fig. 2 . Unfortunately, most of these responses are poorly suited for sensing. One form of the system frequency response, recovered using techniques similar to those outlined in [22] , which is amenable to sensing is shown in Fig. 3 [18] . Several features of this response are worth noting. First, the response includes a low-frequency resonance (1) , which approximately occurs at the resonant frequency
corresponding to a bulk, in-plane mode where essentially all of the microbeams are moving together with the shuttle mass as a lumped mass. Additionally, the response includes four comparatively higher frequency resonances: (A), (B), (C), and (D). These resonances occur at frequencies slightly greater than ϒ i and correspond to in-plane modes where the system's energy is largely localized in, or confined to, a single microbeam (as confirmed by noting the comparatively larger resonant amplitudes). As these higher frequency resonances (corresponding to the localized modes) induce a measurable resonance in the response of . the shuttle mass M, resonance shifts induced by chemomechanical processes on any of the microbeams can be detected using solely the shuttle mass' response. Accordingly, sweeping the excitation frequency of the system Ω through a frequency domain that includes ϒ 1 , ..., ϒ N allows for the detection of up to N distinct analytes, providing proper functionalization.
Given the large number of qualitatively distinct frequency responses that can be obtained for the system depicted in Fig. 2 , it is important to note how responses similar to that shown in Fig. 3 , which are well suited for resonant mass sensing, can be recovered through the careful selection of system parameters. To this end, details on the selection of system inertia ratios (m i ), system frequency ratios (ϒ i /Λ), and the amplitude of the AC voltage excitation applied to the electrostatic comb drives (V A ), which manifests itself in Γ, are detailed here.
To ensure ample separation between resonances (A), (B), (C), and (D), as well as all other resonances corresponding to both in-plane and out-of-plane modes, the frequency ratios (ϒ i /Λ) must be carefully selected. Specifying ϒ i /Λ too close to unity leads to little or no separation between the low-frequency resonance (1) and resonances (A)-(D). This results in the saturation of the resonant peaks associated with the localized modes, which can hinder the detection of resonance shifts, especially in the presence of additive noise. Similar decreases in resonant amplitudes can occur if the resonances occurring at approximately ϒ i are placed too close to resonances corresponding to out-of-plane modes or higher frequency in-plane modes (neither of which are captured with the lumped-mass model detailed here, but both of which could be captured through modal analysis of the structure using finite element techniques). It should also be noted that each ϒ i /Λ value must be well separated from all other ϒ i /Λ values, as placing two resonances too close together can lead to the formation of a multi-resonance passband (i.e. the resonance peaks become indistinct), which prevents the detection of individual resonance shifts -a necessity for the SISO mass sensing methods detailed here.
Due to the presence of inertial coupling in Eq. 9, specification of the system's inertia ratios (m i ) is used to control the coupling strength between the microbeams and the shuttle mass, and thus is used in conjunction with frequency ratio selection to manipulate the degree of localization in the coupled system's response [23] . For the device considered herein, strong mode localization is a prerequisite for efficient mass sensing. This can be attributed to the fact that while mass and/or stiffness changes in a single microbeam lead to shifts in all of the system's resonances, in the presence of strong mode localization these mass and/or stiffness changes induce a significantly larger shift in the resonance associated with the altered oscillator. This, providing selective surface functionalization, allows for the rapid identification of a given resonance shift's source (namely, the particular microbeam, which having undergone a chemomechanical process, has had its mass and/or stiffness altered), which may ultimately facilitate automated analyte identification.
Given the linear nature of the system detailed here, manipulation of the AC excitation voltage amplitude (V A ) is used primarily to control the relative amplitude of the shuttle mass' response. As the ability to operate in low-Q environments is an ultimate goal with this sensor, large amplitude responses, realized using a comparatively large excitation amplitude, are generally desirable. These large amplitudes, however, can lead to a nonlinear resonance structure, which proves problematic for sensing. As such, practical magnitude constraints on V A must be adopted and accounted for in the course of design.
PRELIMINARY EXPERIMENTAL RESULTS
To validate the SISO, multi-analyte sensor concept detailed herein, the device depicted in Fig. 1 was fabricated using a standard silicon-on-insulator (SOI) process flow, which included a single lithographic step, followed by a silicon deep etch (performed using DRIE), an O 2 reactive ion etch (RIE) to remove excess polymers, and, finally, a wet hydrofluoric acid (HF) etch to undercut and release the device [24] . Mass detection was then simulated by comparing the sensor shuttle mass' frequency response before and after the deposition of a small amount of mass on the highest frequency microbeam resonator. For this preliminary experiment, actuation was provided electrostatically through the integrated comb drives and response measurements were obtained optically through single beam laser vibrometry [25] . Note that as the device vibrates in-plane in the desired mode of operation, a 45 • mirror was cut into the silicon adjacent to the . shuttle mass using a focused ion beam. This permitted the laser to be reflected off the mirror and onto the shuttle mass itself, thus allowing for the direct acquisition of the shuttle mass' velocity. Figure 4 shows the frequency response acquired for the sensor depicted in Fig. 1 , actuated with a 6.2 V AC signal in 275 mTorr pressure, prior to added mass deposition. As evident, the response is largely compatible with the desired form of the frequency response shown in Fig. 3 . Specifically, the response includes a low frequency resonance (1) at approximately 8 kHz, which corresponds to the bulk in-plane mode; two resonances (2) and (3), not predicted by the lumped-mass model, but subsequently predicted via finite element methods, at approximately 20 and 36 kHz, which correspond to out-of-plane modes; and four resonances (A)-(D) occurring between approximately 37 kHz and 50 kHz with approximately 4 kHz spacing, which correspond to the microbeam-localized modes of the system. It should be noted that the localized nature of the latter modes has been verified visually through the use of a stroboscopic in-plane measurement system with video capture capabilities. Furthermore, it is worth noting that the proximity of resonances (3) and (A) led to an unsatisfactory reduction in the amplitude of resonance (A). Though this proved to be inconsequential in the present study, this could prove problematic in implementation, as alluded to in the previous section.
Following the acquisition of the frequency response data summarized in Fig. 4 , a small platinum patch, measuring approximately 1.57 x 5.10 x 0.22 µm with an approximate mass of 38 pg, was deposited at the tip of the highest frequency microbeam .
(this location on the microbeam was selected to ensure the largest possible frequency shift [26] ) using a focused ion beam (FIB) deposition system (see Fig. 5 ). The effect of this added mass is detailed in Fig. 6 , which shows a close-up view of the sensor's frequency response near the four resonances corresponding to the localized microbeam modes, obtained prior to and after platinum deposition. As evident, the added mass caused shifts in each of the system's resonances, but the most pronounced shift, by far, occurred in the resonance associated with the localized mode of the highest frequency microbeam (that to which the platinum patch was added). This is verified through closer examination of the individual resonance peaks shown in Figs. 7 and 8. Specifically, it is seen that resonance (D), that associated with the localized mode of the altered microbeam, shifted by approximately 124 Hz and resonance (C), the resonance with the next largest shift, shifted by only approximately 3 Hz (it is worth noting that these values are comparable in magnitude to those predicted using both analytical and finite element methods, though parameter uncertainty does yield some discrepancy). Accordingly, due the localized nature of the sensor's response, the resonance shift associated with the mass added beam was approximately 40 times greater than that of the next largest resonance shift, a fact that could be used in implementation to identify the altered microbeam. .
SENSOR METRICS
To facilitate comparison between the device presented here and other resonant mass sensor designs, it is prudent to briefly discuss a small number of pertinent sensor metrics. In the case of mass sensors, the most relevant metric is mass sensitivity, that is the smallest change in mass that can be accurately detected using a given sensor. For mass sensors operating in a resonant mode, mass sensitivity is dependent on two independent metrics: mass responsivity and frequency resolution. The mass responsivity of a system is a largely deterministic quantity that dictates how much the resonant frequency of a system changes with a small mass addition. Frequency resolution, on the other hand, quantifies the smallest frequency shift that can be measured in the presence of noise and uncertainty. In general, if frequency shifts are induced primarily through mass addition, the mass sensitivity, ∂m, of a resonant sensor can be approximated by
where S is the mass responsivity and ∂ω 0 is the system's frequency resolution. For the multi-degree-of-freedom sensor detailed here, however, this must be modified to account for N resonance shifts induced by up to N mass changes. This results in a mass sensitivity at the jth microbeam, ∆m j , which is approxi- . mated by
where S i j represents the i, j component of the mass responsivity matrix, which quantifies the shift in ith resonance of the system due to mass addition at the jth oscillator, and ∆ω i quantifies the frequency resolution associated with the ith resonance.
Using the experimental results detailed in the previous section the mass responsivity matrix associated with the device shown in Fig. 1 can be partially compiled. For example, the mass responsivity associated with resonance (D) and a mass addition to the highest frequency microbeam can be computed to be 3.3 Hz/pg. Similarly, the mass responsivity associated with resonance (C) and a mass addition to the highest frequency microbeam can be computed to be approximately 0.1 Hz/pg. Continuing with these computations will reveal a diagonally dominant mass responsivity matrix. This can be attributed to the localized nature of the response, which, as detailed in the previous section, leads to significantly larger shifts in the resonances associated with the localized modes of the mass loaded microbeams. It is worth noting that this diagonal structure also ultimately facilitates the simultaneous detection of multiple analytes. For example, in situations where two target analytes are present, the system will exhibit two distinct resonance shifts and a number of comparatively smaller shifts which are a by-product of coupling. Given prior knowledge of the sensor's functionality and the fact that the two resonance shifts associated with the localized modes of the mass-added microbeams are markedly larger, each of the analytes present should be readily identifiable, as was the case with the single 'analyte' (platinum patch) in the preceding section.
Though the experimentally-determined mass responsivities reported above are comparable to other reported values for resonant multi-analyte sensors, they are significantly lower than those reported for sensors based on isolated microresonators [14, 16, 27] . While much of this difference can be rectified through device scaling, it is important to note that the responsivities of the device presented here will always be slightly inferior to those of other microsensors. This can attributed to interoscillator coupling, which manifests itself in the off-diagonal terms of the responsivity matrix, which leads to small shifts in each of the system's resonances, not just that associated with the localized mode of the altered beam. Current design studies are aimed at minimizing these off-diagonal terms while still allowing for the detection of resonance shifts using the shuttle mass' response.
Though the impact of thermomechanical noise, temperature fluctuations, adsorption-desorption noise, and other effects known to contribute to a system's frequency resolution have been examined for isolated resonant microsensors (see, for example, [28] ), the impact of these effects in coupled oscillator systems has thus far not been considered. Accordingly, present understanding facilitates, at best, a conservative estimate of the frequency resolution(s) associated with the sensor considered herein. For present purposes a frequency resolution of approximately 1 Hz is assumed. This results in a sub-picogram mass sensitivity. Current studies are aimed at extending the results of [28] to multi-degree-of-freedom devices in hopes of refining this approximation.
DESIGN AND INTEGRATION ISSUES
Though a number of design issues have been detailed throughout the course of the present work, it is important to note that there are a number of additional design and integration issues that must be considered in the course of sensor development. The following subsections briefly detail some of most pertinent issues.
Response Measurement
Because it had been predetermined that laser vibrometry would be used to recover the frequency responses detailed in this study, integrated measurement devices were a secondary concern. In implementation, however, the method of response measurement is arguably the most important design consideration. Capacitance changes induced in the electrostatic comb drives included in the original device design could be used to measure the shuttle mass' response, but the magnitudes of these capacitance changes, even near resonance, (approximately 0.4 fF) were insufficient for accurate measurement with off-chip electronics. While it may be possible to detect these changes with on-chip CMOS electronics, future sensor designs would likely benefit from the inclusion of alternative transduction mechanisms. Piezoelectric elements, which transduce strain into voltage, have been successfully integrated in some SDOF microsensors and may be suitable alternatives to the electrostatic comb drives. Likewise, magnetomotive techniques, which have been used to obtain displacement measurements in nanoscale devices and yield response proportional emf voltages, may prove sufficient [29, 30] .
Environmental Issues
Though the device examined herein was shown to operate successfully in a partial vacuum environment (275 mTorr), it is important to note that, due to fluid pumping between the microbeams and the sidewalls of the device's substrate, simulated mass detection failed at 1 atm. While mass sensing in partial vacuum may be suitable in some instances, the vast majority of applications will require that the device operate flawlessly in ambient pressures. As such, the next generation of SISO, multianalyte sensors must be designed to operate in ambient environmental conditions. Device scaling, the removal of excess substrate material, and geometrical reconfiguration of the sensor will likely yield sufficient results at 1 atm. However, if these changes prove insufficient, exploitation of alternative geometries, including in-plane torsional devices, and/or the coupled system's phase response may prove fruitful.
Surface Functionalization
As previously noted, mass addition was realized in this work via the deposition of a small platinum patch on one of the sen-sor's microbeams. In practice, however, resonance shifts typically arise from the accretion of a substance onto a functionalized, chemically-selective surface. In recent years, a considerable amount of research has focused on the development of chemically-active surfaces for use in microcantilever sensors (see, for example, [9, 10, 12, 31, 32] ). In the course of sensor development, these prior techniques can be adopted to functionalize cantilever surfaces with different chemicals (metals, polymers, etc.), thus allowing for the detection of multiple analytes using the SISO sensor.
System Integration
A final issue that must be dealt with in the course of sensor design is the integration of the microelectromechanical sensor with integrated or external circuitry capable of measuring resonance shifts in the system's response. Convention presently dictates the use of phase locked loops for such purposes, but it is not readily apparent that such circuits will suffice (or be efficient) for the detection of multiple resonance shifts. Ongoing research is aimed at examining this approach, as well as other candidate techniques, including the post-processing of acquired data using computer algorithms.
CONCLUSION
This work details a preliminary analytical and experimental investigation of a resonant, single input -single output (SISO) microsensor, which exploits vibration localization in a set of coupled, functionalized microbeams to allow for the detection of multiple analytes. In the course of the present work, it was shown that a linear, multi-degree-of-freedom (MDOF), lumpedmass model of the sensor proves sufficient for analysis and predictive design. This model was subsequently used to show N distinct resonance shifts could be detected using solely the response of the sensor's shuttle mass, providing the system was sufficiently localized -a fact which was verified experimentally. Performance metrics of the sensor were also examined. Of particular note is the preliminary design's mass responsivity, the pertinent value of which was determined to be approximately 3.3 Hz/pg -a value comparable to those reported for other multianalyte resonant sensors, yet inferior to those reported for isolated microresonators.
Though the results of this preliminary investigation validated the SISO, multi-analyte sensor concept, they also revealed a number of issues that must be addressed in future studies. Of these issues, the need for a MDOF frequency resolution model, improved operation in ambient environmental conditions, and robust measurement methods are of particular concern. An ongoing analytical and experimental campaign is aimed at addressing these and other related issues.
